in the left ventricle following myocardial infarction. 3 Intraventricular conduction disorders, ventricular premature beats or tachycardia, and ventricular pacing are associated with abnormal asynchrony of electrical activation because the conduction of the electrical wavefront initially occurs through slowly conducting myocardial muscle cells rather than through the Purkinje system. The asynchronous electrical activation induces changes of wall motion such as paradoxical bulging during systole and shortening during relaxation. 4-~ It has been demonstrated in dog hearts that segment shortening is more pronounced farther rather than closer to the pacing site. 9 In previous studies, we have related these changes in wall motion to regional mechanical performance. It was demonstrated that during ventricular pacing fiber length at the onset of the ejection phase, fiber shortening and contractile work during the ejection phase (the time integral of fiber shortening × fiber stress), and blood flow and oxygen consumption are reduced in early-activated regions and increased in late-activated regions. 7, s On the basis of these findings, it was concluded that asynchronous electrical activation causes redistribution of mechanical load within the ventricular wall. A similar redistribution of mechanical load may also be present in left bundle branch block (LBBB) because in the septum, which is activated relatively early in patients with LBBB, wall motion 6, 10 and blood flow have been reported to be reduced 11, 12 despite the absence of coronary artery obstruction. These data support the idea that asynchronous electrical activation of various origin generally induces a decrease of mechanical load in early-activated regions and an increase in late-activated regions, irrespective of the presence of cardiac disease. This s t u d y w a s conducted to investigate w h e t h e r regional differences in mechanical load, as induced by asynchronous electrical activation, are related to a s y m m e t r i c a l changes in left v e n t r i c u l a r wall thickness. In a prospective study of dogs, regional ventricular wall thickness was d e t e r m i n e d before a n d at various t i m e intervals after induction of asynchronous electric activation by epicardial left v e n t r i c u l a r pacing. Regional v e n t r i c u l a r wall thickness w a s assessed by m e a n s of two-dimensional echocardiography. In addition, it was investigated retrospectively w h e t h e r s y s t e m a t i c a s y m m e t r y in left ventricular wall thickness is also p r e s e n t in a relatively heterogeneous population of p a t i e n t s with LBBB. Because the conduction p a t h w a y during epicardial left ventricular pacing is a p p r o x i m a t e l y opposite to t h a t of LBBB, the a s y m m e t r y is also expected to be opposite. I f this is the case, it indicates t h a t in the h e a r t the sequence of electric activation is an i m p o r t a n t determ i n a n t of local wall thickness, irrespective of species or cardiac disease.
METHODS
Prospective study in dogs. In the present study of dogs we used pacing at the epicardium of the free wall of the left ventricle. This induces an impulse conduction pattern approximately opposite to that during LBBB: early activation of the left ventricular free wall and late activation of the septum. This position of the pacing electrode was chosen because previous studies showed that pacing from this site resulted in a pronounced asynchrony of ventricular activation. 13 Moreover, with this electrode position both earlyand late-activated regions could be visualized in one echocardiographic cross-section.
Implantation procedure. In eight mongrel dogs the pacemaker and pacing electrodes were implanted during a sterile surgical procedure. A Medtronic 4057 (Minneapolis, Minn.) endocardial screw-in lead was inserted through the wall of the atrial appendix into the right atrial cavity and screwed into the endocardial surface of the right atrial wall. The ventricular lead was a Medtronic 6917A-35T sutureless lead (four dogs) or a Medtronic 4951M unipolar myocardial lead (four dogs). These leads were attached to the epicardium of the free wall of the left ventricle, 1 cm below the base, by using their screw-in device. A pacemaker (Medtronic Synergist H7027, H7071, or Elite II) was implanted subcutaneously over the left lower thoracic region, and the leads were guided subcutaneously toward the pacemaker pocket. After fixing the leads to the pacemaker and checking proper electric contact, the pacemaker was positioned into its subcutaneous pocket and the skin over the pocket was closed. The animals were allowed to recover from anesthesia and the surgical procedure while the pacemaker was not functioning.
Ventricular pacing was started approximately 2 weeks after implantation. Pacing was performed in the DDDmode so the heart was paced at its own sinus rhythm as long as sinus rhythm was below the maximal pacing rate of the pacemaker (175 beats/min). The AV stimulation interval was 25 msec to ensure that the whole ventricle was activated from the site of the pacing electrode rather than through conduction through the AV node.
Measurement of ventricular wall thickness. Two-dimensional ech0cardiographic images of the left ventricle were recorded on videotape with a Hewlett-Packard Ultrasound System (77020A; Andover, Mass.) with a 3.5 MHz transducer (21206A). One week before and 1, 2, and 3 months after onset of pacing, recordings were made while the animals were conscious. Short axis cross-sectional images were made, taking care that they were as circular as possible and that the tip of the papillary muscles and the pacing lead were visible.
Measurements, in an unblinded fashion, were performed on videoprints (10 x 15 cm by videoprinter) of enddiastolic images. For each image, endocardial and epicardial contours were drawn on overhead sheets. In a first step of the analysis, the cross-section of the prepacing images was divided into six sectors according to the following anatomic landmarks: the centers of the anterior and posterior papillary muscle attachments and the center of the anterior attachment of the right ventricular wall to the left ventricular wall (marked as crosses in Fig. 1 ). The center of the cavity was positioned between line A-B (Fig. 1) , perpendicular to the line connecting the two papillary muscle landmarks. The anterior wall was divided into three sectors by drawing lines from the center of the cavity to the three anatomic landmarks. The sector between the two papillary muscles was divided into two equal sectors with line A-B. Sector 5 was defined to be exactly opposite to sector 2, and sector 4 spanned the septal wall between sector 5 and sector 3. On the images obtained at the time intervals during ventricular pacing, the three anatomic landmarks were localized by optimal superposition of templates of the endocardial (papillary muscles) and epicardial contours (RV-LV attachment) of the prepacing image of a particular animal. Thereafter, the ventricular cross-section of the images of paced beats was also divided into six sectors, as described earlier for the prepacing images. Sector 6 was usually incomplete in the echocardiographical images. In all animals the pacing lead was located in wall sector 2. Sectors 1 and 3 were adjacent and sector 5 was the most remote region, located in the ventricular septum.
The area of the wall sectors (sectors 1, 2, and 3, including papillary muscle) and the area of the ventricular cavity was determined by planimetry. The angles spanning sectors 1 and 2 (~) and sector 3 (~) were measured. From these values the sector angles 1 through 5 were determined to be ~, ~, ~, 180 ° -2(~ -~, and c~, respectively (Fig 1) . Av- erage wail thickness (h) of a particular sector was calculated as: N/h = (Ac~v+360Awj(b)/~ -~/-A-~f~, where Acav = left ventricular cavity area, Awal] = wall sector area, and ~b = sector angle. With these measurements an indication is obtained about the size of the ventricular cavity volume and of the length and mass of the various wall sectors. By using relatively large wall sectors, inaccuracies in determining the endocardial and epicardial boundaries at a particular site were averaged out. Intraobserver variability was 5.7%, and interobserver variability was 5.8%. Wall thickness during pacing was expressed as a percentage of prepacing wall thickness.
Retrospective study in LBBB patients
Selection of patients. From our echocardiographic database containing 14,000 patients, the following patients were selected: (1) 154 patients (69 men and 85 women aged 61.6 -+ 7.8 years). This group consisted of patients who had echocardiograms made for diagnostic purposes. No abnormalities were found in these patients, and none of the patients had a history of cardiovascular disease such as myocardial infarction, ventricular hypertrophy, or conduction disturbances. Table I describes the major cardiac characteristics of the three groups. There were no myocardial infarctions in the control group by definition but a small number of mitral valve and tricuspid valve insufficiencies. In the LBBB group, 53 of 228 patients had a history of myocardial infarction. The majority of the infarcts were located in the inferior wall, often combined with either the posterior or the anterior wall. Of all LBBB patients, more than half had mitral insufficiency and a quarter had tricuspid insufficiency. In 18 patients, mitral annulus calcifications were noted. The percentage of infarctions and valvular abnormalities in the pLBBB group and the LBBB group was similar (Table I) .
Echocardiography. Echocardiographic cross-sectional projections were made with a phased-array echocardiographic Doppler system (Hewlett-Packard Sonos 500 and 1000). This system uses a 3.5 or 2.5 MHz phased The following parameters were determined: end-diastolic and end-systolic thickness of the posterior wall of the left ventricle (PWEDT and PWEST, respectively) and of the interventricular septum (IVSEDT and IVSEST, respectively), and end-diastolic and end-systolic diameters of the left ventricular cavity (LVEDD and LVESD, respectively).
To assess whether differences in wall thickness between the groups were related to differences in cavity volume, the end-diastolic thickness of the posterior and septal walls was normalized to left ventricular end-diastolic diameter. To assess asymmetry in ventricular wall thickness, the ratio of end-diastolic thickness of the ventricular septum and the posterior wall was calculated. Total left ventricular wall mass (LV mass) was estimated according to the diameter-cubed formula of Devereux and Reichek16: LV mass = 1.04 (LVEDD + PWEDT + IVSEDT) 3 -(LVEDD) 3 -13.6 where LV mass is left ventricular mass (grams), and echocardiographical dimensions are expressed in centimeters.
Statistics.
Differences between the groups were evaluated for statistical significance with analysis of variance and Fisher's LSD test using the Superanova software package on an Apple Macintosh (Cupertino, Calif.) computer. Data are presented as mean values +--SD.
RESULTS
Prospective study in dogs. During ventricular pacing at the epicardium of the LV wall, the width of the QRS complex increased from 41 _+ 8 msec during sinus rhythm to 119 _+ 10 msec. This increase was independent of the duration of pacing. During the 3 months of pacing, no consistent changes were observed in the angles of the wall sectors. Left ventricular cavity area tended to increase (p = 0.10, Fig. 3 ). Mean wall thickness per sector decreased in sector 2 (close to the pacing electrode) and slightly increased in the remote sector 5 (Fig. 3) . The decrease in wall thickness in sector 2 (20.5% +_ 8.1%) was statistically significant after 3 months of pacing (p < 0.05). The difference between the changes in wall thickness in the early-activated sector 2 and the late-activated sector 5 was consistent (22.8% _+ 7.4%, p < 0.01). Fig. 4 illustrates that wall thickness decreased in the sector where the pacing electrode was positioned (sector 2) and also, to a lesser extent, in areas 1 and 3. A rather variable change in wall thickness was observed in sector 4.
Retrospective study in patients. The left ventricular end-diastolic and end-systolic diameters were smaller in the control than in the LBBB group (Table II). In the pLBBB group, end-systolic cavity diameter was significantly larger than in both other groups. The decrease of left ventricular diameter during systole was less in the two groups of LBBB patients than in thecontrol group, and smaller in the pLBBB than in the LBBB group. In both LBBB groups, estimated total left ventricular mass was larger than in the control group. The increase in mass was most pronounced in the pLBBB group (Table II) .
In the control group, thickness ofseptum and posterior wall were not significantly different (8.50 -+ 0.95 mm vs 8.54 +_ 0.93 mm, respectively; Fig. 2 ). In the LBBB patients, the early-activated septum was thinner than the late-activated posterior left ventricular wall (9.10 + 1.21 mm vs 9.33 _+ 1.03 mm, respectively; p = 0.012). A more pronounced difference between thickness of septum and posterior wall was observed in patients with pLBBB: 8.25 _+ 1.38 mm vs 9.14 _+ 0.97 mm, respectively (p = 0.017, Fig. 5 ). In the LBBB group the septum was thicker than in the control and pLBBB groups. The posterior wall was thicker in both LBBB groups than in the control group (Fig. 5) . However, the ratio of septal wall thickness to cavity diameter was 8% and 24% smaller in the LBBB and pLBBB patients than in the control patients, respectively (Fig. 6) . The ratio of posterior wall thickness to cavity diameter was also significantly smaller in both LBBB groups than in the control group, but the differences were smaller (Fig. 6 ). These data demonstrate that, as compared with control patients, left ventricular cavity diameter in LBBB patients is increased more than left ventricular mass, indicating eccentric hypertrophy in LBBB patients.
The degree of asymmetry of wall thickness was expressed as the ratio of septal to posterior wall thickness (Fig. 7) . This ratio was 1.00 _+ 0.06 in the control group. In 25% and 45% of the LBBB and pL-BBB patients, respectively, the septum was thinner than the posterior wall, whereas in 9% and 4% of the patients the septum was thicker than the posterior wall, respectively. Consequently the ratio ofseptal to posterior wall was significantly smaller than unity in the LBBB patients (0.98 _+ 0.08,p = 0.015) and in the pLBBB patients (0.90 + 0.12,p < 0.001; Fig. 7 ). This asymmetry in ventricular wall thickness did not depend on the presence of myocardial infarction: the anterior to posterior wall thickness ratio did not change when the patients with myocardial infarction were excluded from the analysis (0.97 _+ 0.11 in the LBBB group and 0.91 _+ 0.13 in the pLBBB group, Fig. 7 ).
DISCUSSION
In this study it was found that during long-lasting ventricular pacing at physiologic heart rate in normal canine hearts, the early-activated free wall of the left ventricle became thin relative to the late-activated septal wall. In eccentrically hypertrophied hearts of patients with LBBB, the early-activated septal wall was thinner than the late-activated posterior wall. These findings indicate that chronic asynchronous electric activation of the left ventricle induces asymmetry of left ventricular wall thickness. 1) and with LBBB and systolic paradoxic wall motion, respectively. Definition of systolic paradoxic wall motion is depicted in Fig. 2 . **, p < 0.01 between posterior wall and septum of same group; #,p < 0.05 compared with corresponding wall thickness in control group. 6 , Ratio of wall thickness and left ventricular cavity diameter at end-diastole in three patient groups. **, p < 0.01 between posterior wall and septum of same group; ##, p < 0.01 compared with the ratio of control group.
Fig,
The approximately opposite sequence of electric activation in the paced dogs and LBBB patients coincided with an opposite asymmetry: in both studies the early-activated region was thinner than the late-activated one.
Because ventricular activation was made asynchronous on purpose in the prospective dog study and the dogs had no cardiac abnormalities, the relation ~ between the asynchrony of electric activation and asymmetry ofventricular wall thickness is most convincing. In the LBBB patients, concomitant disease may have influenced wall thickness. However, in mitral insufficiency or hypertension one would expect a uniform increase in wall thickness because of the global increase in pump load. Although myocardial infarction may result in regional wall thinning, it is unlikely that the nonuniformity in ventricular wall thickness found in the whole group of LBBB patients is from LBBB caused by myocardial infarction: exclusion of data from patients with myocardial infarction did not change the degree of asymmetry of wall thickness. Therefore as in chronically paced dogs, the asymmetry ofventricular wall thickness in patients with LBBB is most likely caused by the asynchronous electric activation of the ventricular wall. The relevance of these findings is that asymmetry in wall thickness may occur because of asynchronous electric activation of various kinds and different conduction pathways. Furthermore, they indicate that the effect of asynchronous electric activation on regional wall thickness is large enough to be detected in a heterogeneous group of patients.
Possible explanation for the change in regional wall thickness, The observation that during asynchronous electric activation early:activated regions are consistently thinner than late-activated regions seems related to the difference in workload between these regions. In previous experiments with acute ventricular pacing, we demonstrated that fiber shortening, mechanical work, and blood flow were lower in early-rather than in late-activated regions. 7, s, 13 Therefore the asymmetry in wall thickness during longlasting asynchronous electric activation may be explained by local adaptation of myocardial mass to local differences in mechanical load. Evidence for such local control of myocardial growth is found in several other studies. After experimental systemic hypertension, hypertrophy is found in the left ventricle but not in the right ventricle. 17 Also, stretching induces a hypertrophic response in isolated myocytes.lS, 19, 20 The findings this study indicate that different degrees of wall thickness can be induced within one ventricle.
The exact stimulus for cardiac hypertrophy or atrophy is not well understood. Both pressure and volume overload are known to increase myocardial muscle mass: From this kind of observation, fiber stress and stretch are regarded to be involved in inducing hypertrophy. 21 It is interesting to note that in our previous studies ventricular pacing induced substantial changes in local end-diastolic fiber length and systolic shortening but hardly any changes in fiber stress. 8 In recent simulations in a mathematic model the role of various factors on the origin of myocardial growth was investigated. The results indicate that, in addition to global contractility, regional fiber shortening and maximal stretch during the cardiac cycle are important determinants of muscle growth and fiber orientation through feedback control. In these simulations feedback through fiber stress was not a compelling condition for such control. 22 Extrapolation of these data to the situation during asynchronous electric activation suggests that regional differences in fiber stretch and systolic shortening7, 8, 13 may be held responsible for the local differences in wall thickness in the patients with LBBB and in the chronically paced dogs.
The data from the dog study (Figs. 3 and 4) demonstrate that reduction in wall thickness occurs in the segment where the pacing electrode is located and, to a lesser extent, in the adjacent wall sectors, which are activated slightly later than the former sector. As a consequence, ventricular pacing may induce atrophy in a considerable part of the ventricular wall around the site of stimulation and hypertrophy in a region opposite to the stimulation site. The gradual transition from atrophy in the earliest activated anterior wall sector to hypertrophy in the latest activated septal sector is in keeping with the hypothesis that structural adaptations of the myocardium are related to the sequence of electric activation. This hypothesis is supported by the observation that in the patients with the most abnormal wall motion patterns (the pLBBB group, indicating a more asynchronous activation) a larger fraction showed asymmetry in left ventricular wall thickness.
The asymmetry in wall thickness was more pronounced in the paced dogs than in the LBBB patients. This difference may be from factors causing Fig, 7 . Ratio of end-diastolic thickness of septum and posterior wall in three patient groups. *, **, ***, p < 0.05, <0.01, and <0.001 compared with control group, respectively; #, p < 0.05 compared with corresponding LBBB group. Inf, Same group after exclusion of patients with infarction. underestimation in the patient study. Because of the prospective design of the dog study, we were able to relate wall thickness of a particular region during pacing to the thickness of the same region before onset of pacing. In contrast, in the retrospective patient study ventricular wall thickness was compared at the two standard sites used in diagnostic echocardiography and without knowledge of their thickness before onset of the conduction abnormality. Moreover, the variability in cardiac anatomy in the LBBB patients can be expected to be larger than in the control patients and in the dogs because of the other concomitant cardiovascular diseases in the LBBB patients. Also, the variability in anatomy of the left bundle branch 23 and the variability in wall motion patterns in patients with LBBB 6, 24 probably led to interindividual differences in location and extent of the decrease in wall thickness. Therefore relative changes in wall thickness, as large as observed in the dogs with ventricular pacing, might have occurred in the earliest and latest activated region of each patient with LBBB.
Another difference between the two studies was slightly increased left ventricular cavity volume in American Heart Journal the paced dogs versus markedly increased cavity volume in LBBB patients (than volume in control patients). This finding suggests that the considerable cavity dilation in LBBB patients may not be entirely from the asynchronous electric activation. Factors such as mitral insufficiency (Table I) and hypertension 25 may contribute to the cavity dilation in LBBB patients. The short AV interval in the paced dogs (25 ms), used to prevent ventricular activation through AV nodal conduction, however, may have limited ventricular preload and therefore the development of eccentric hypertrophy.
The larger left ventricular cavity in LBBB patients likely explains the observation that in these patients the early-activated septum is thicker than in the control group, although a thinner wall would have been expected on the basis of the results in the dog study. However, when wall thickness ;is normalized to cavity diameter, it decreases at all sites in the LBBB patients, with the smallest ratios present in the early-activated septum. The increased estimated left ventricular mass, the decreased wall thickness to cavity diameter ratio, and the regional difference in this ratio illustrate that these patients have asymmetric eccentric hypertrophy.
Possible clinical implications. Regional wall motion abnormalities have also been described in patients with Wolff-Parkinson-White syndrome, 26 ventricular tachycardia, 27 and patients with a ventricular pacemaker. 1° Our previous studies indicate that such wall motion abnormalities indicate redistribution of mechanical load within the ventricular wall.7 Moreover, we demonstrated that the extent of local fiber shortening is related to the time interval between local electric activation and the maximal rate of rise of left ventricular pressure. This relation was independent of the site of pacing 13 and thus independent of the pattern ofintraventricular impulse conduction. Therefore it is most likely that any kind of asynchronous electric activation is associated with nonuniform distribution of mechanical load. Because this study supports a relation between regional mechanical load and adaptation in wall thickness during ventricular pacing and LBBB, it seems justified to suggest that asymmetry of wall thickness may also be present in patients with the previously mentioned forms of impulse conduction disturbances.
These data seem of special interest for the applil cation of ventricular pacing in the treatment of hypertrophic obstructive cardiomyopathy. Ventricular pacing of these hearts with extremely thickened septa results in promising improvements. Immediately after onset of pacing significant reductions in ventriculoaortic pressure gradients and subjective improvements have been reported. 2s, 29 After longlasting pacing the ventriculoaortic gradient was found to remain reduced even after switching from ventricular pacing to sinus rhythm. 2s This observation suggests that pacing caused a change in septal anatomy. The data from this study support this idea. Because the septum is activated relatively early in right ventricular apex pacing, local mechanical load is expected to decrease, which leads to a decrease in wall mass in normal canine hearts. In this way asynchronous electric activation could be used to correct asymmetric hypertrophy. This idea is supported by recent findings of Fananapazir et al. 3° in a study on the effects of right ventricular apex pacing in patients with obstructive hypertrophic cardiomyopathy. These investigators found a reduction in thickness of the early activated septum of >4 mm in 23% of their patients. Future studies will be required to elucidate the structural and functional relevance of the asymmetry in wall thickness in patients with asynchronous electric activation and in patients with hypertrophic obstructive cardiomyopathy.
Conclusions. These results indicate that long-lasting asynchronous electric activation of the left ventricle induces asymmetry of wall thickness. The pattern of this asymmetry is similar to the patterns of early systolic fiber stretch, as observed in previous experiments with acute ventricular pacing. The data therefore indicate that local differences in mechanical load may be responsible for local differences in myocardial growth.
